The enormous stiffness and low density of graphene make it an ideal material for nanoelectromechanical (NEMS) applications. We demonstrate fabrication and electrical readout of monolayer graphene resonators, and test their response to changes in mass and temperature. The devices show resonances in the MHz range. The strong dependence of the resonant frequency on applied gate voltage can be fit to a membrane model, which yields the mass density and built-in strain. Upon removal and addition of mass, we observe changes in both the density and the strain, indicating that adsorbates impart tension to the graphene. Upon cooling, the frequency increases; the shift rate can be used to measure the unusual negative thermal expansion coefficient of graphene. The quality factor increases with decreasing temperature, reaching ~10 4 at 5 K. By establishing many of the basic attributes of monolayer graphene resonators, these studies lay the groundwork for applications, including high-sensitivity mass detectors.
in temperature, allows detailed modeling of their behavior, which is crucial for rational device design.
Samples are fabricated by first locating monolayer graphene flakes on Si/SiO 2 substrates, then patterning metal electrodes and etching away the SiO 2 to yield suspended graphene. The ability to choose monolayers in advance provides control of device properties and facilitates electrical readout. The fabrication method also provides control over the lateral dimensions; devices can be either micron-wide sheets (Fig. 1a) or lithographically defined nanoribbons (Fig.1b) . Because the etchant diffuses freely under the sheets, the SiO 2 is removed at the same rate everywhere under the graphene, so that the distance between the substrate and the suspended sheet is constant (~100 nm) across each device. For the same reason, the portion of each electrode that contacts the graphene is also suspended 11, 12 , as depicted in Fig. 1c .
Following previous work 13- 15 , we implemented an all-electrical high-frequency mixing approach ( and 5). In addition to being of fundamental interest as a coupled nanoscale-microscale system, these resonances demonstrate that graphene can be used to transduce the motion of larger resonant systems with minimal damping. Figure 2d shows the evolution of the graphene resonance (for device 1) with drive amplitude. As g V δ increases, the peak grows in height, shifts upward in frequency, and changes from a symmetric Lorentzian to an asymmetric shape characteristic of a nonlinear response.
Above a drive amplitude of ~44 mV, corresponding to an oscillation amplitude of ~1.1 nm, the resonance develops bistable behavior 14 (see Supplementary Information). The ratio of the amplitude at the onset of nonlinearity to the noise floor gives a dynamic range 16 of approximately 60 dB. Importantly for applications of these devices, the measured peak current values are ~2 orders of magnitude larger than those observed in carbon nanotubes for the same applied power at room temperature 14, 17 . This improvement in signal levels is a direct consequence of the ability to fabricate micron-wide devices with higher conductance than that of a one-dimensional nanotube.
Mechanical modeling
Modeling the behavior of the graphene resonators is crucial for device design and interpretation of experimental results. We use a continuum model that treats the graphene resonators as membranes with zero bending stiffness 5, 18, 19, 20 (see Supplementary Information).
In this model, the resonant frequency is given by
where L and w are the length and width of the graphene sheet. The two-dimensional mass density ρ represents the sum of the contributions from the graphene and any adsorbates, and therefore in general ρ ≥ ρ graphene = 7.4 × 10 −19 g / μm 2 . Near V g = 0, the frequency is set by the built-in tension T 0 and ρ, while at higher V g the electrostatically-induced tension T e causes the frequency to increase roughly as V g 2 3 . The model successfully describes the gate voltage dependence of the resonant frequency in all of the >20 devices studied so far (with lengths from ~0.5-2 μm and widths from 0.2-2 μm); two representative curves are shown in figure 3a.
Furthermore, it can be used to deduce both the mass density and the built-in tension in the graphene sheet, which are left as fitting parameters. The solid black points in Fig. 3b show the built-in tension (converted to strain using the measured stiffness of graphene 5 in order to normalize for the geometry) and density (normalized to the density of a graphene sheet) for 11 devices, as derived from the curve fitting. In all cases, a density larger than that of pristine graphene is required to fit the observed data. We attribute this extra mass to e-beam resist (Poly(methyl methacrylate), PMMA) residue from the fabrication process 21, 22 . The built-in strain is positive, and of order 10 -4 in all of the as-fabricated devices, which accounts for the observed large resonant frequencies even near V g = 0. Although there is considerable scatter in the data, we observe that the built-in strain is generally larger in devices with more adsorbed residue, which suggests that the PMMA tends to impart a tension to the graphene.
The measured strain can also be used to predict the amplitude at the onset of nonlinearity a c . By modifying an expression previously derived for beams 23 we obtain for a membrane:
where ε is the strain of the resonator. For the device studied in Fig. 2d , this expression gives a c = 1.5 nm , very close to the measured value.
The validity of the continuum model is further supported by two experiments described below. In the first, a calibrated mass is added to the resonator, while the second uses thermal contraction to change only the tension. In both cases, the model correctly predicts the change in resonator mass.
Response to changes in mass
Ohmic heating of suspended graphene in vacuum has previously been shown to significantly improve its electronic mobility 11, 21 , presumably through the desorption of residue from the graphene surface. The ability to directly measure the mass of graphene resonators provides a tool to monitor this process, and to correlate electrical performance with the amount of residue. Figure 4a shows the conductance of graphene resonator as a function of gate voltage, measured after each of four successive ohmic heating steps. At each step, the conductance minimum (the Charge Neutrality Point, CNP) moves closer to V g = 0, and the n-branch conductance increases while the p-branch decreases. Figures 4b-e show the resonant frequency as a function of gate voltage for the same device, in the as-fabricated state (Fig. 4b) , and after each of the first three heating steps (Fig. 4c,d ,e). The resonant frequency shifts upward at each step, consistent with a loss of mass; fitting the data to the membrane model shows that the twodimensional density decreases monotonically, from 4.7 to 2.1 times that of graphene. The builtin strain in the sheet also changes slightly with each cleaning step. In this experiment, the device was damaged after the fourth step, preventing full removal of the PMMA residue. The roomtemperature quality factor did not change appreciably during the entire process.
We next tested the response of a resonator to the addition of a known amount of mass.
This was accomplished by evaporating pentacene 24 onto the device in a vacuum chamber, while measuring the device response in situ. The added mass was calibrated by a quartz crystal microbalance (QCM). Figure 5a shows the resonant frequency as a function of gate voltage for the as-fabricated device, which is again fit to yield the density and strain. The CNP is located at
. Figure 5b shows the corresponding data after deposition of 1.5 nm of pentacene. At high g V , where there is a large gate-induced tension, the added mass results in the expected decrease in the resonant frequency. At low g V , however, the resonant frequency upshifts, indicating that the added pentacene increases the built-in strain. Similar behavior is observed after a second 1.5nm evaporation step (not shown). The graphene was then ohmically heated to remove the adsorbed material. After cleaning (Fig. 5c ), the resonant frequency shifts downward at low g V and shifts dramatically upward at high g V , consistent with a decrease in both the mass and the built-in tension. An additional mode, whose nature is uncertain, is also seen, and the CNP is observable in the measured g V range. Finally, 1.5 nm of pentacene is again evaporated on the clean device (Fig. 5d ). Once again, the frequency shifts downward at high g V and upward at low g V , and the CNP moves to the left. This result suggests the possibility of using graphene resonators as multifunctional sensors by simultaneously tracking the resonant frequency and the CNP displacement 2 . The use of ohmic heating to regenerate the devices is also shown to be possible, although the process seems to damage the sheet in some cases.
Improvements to the cleaning process may be needed in order to minimize the damage and extend the device lifetime. As expected, the gate-independent metal resonances remain largely unchanged during the entire process.
From the continuum model, the sheet mass density is found increase after each evaporation step by an amount equivalent to 1.5 nm of pentacene, in agreement with the thickness measured by the QCM. This provides strong confirmation of the model. In addition, in this device, ohmic heating is sufficient to remove essentially all of the residue, yielding a density close to that of pristine graphene (Fig. 5c ). In this device, the built-in strain increases with the thickness of the adsorbed layer ( Fig. 3b ), indicating that adorbates can impart a tension to the suspended graphene sheet.
In analyzing the mass response of NEMS devices, one typically assumes that mass loading does not change the mechanics of the device. The frequency shift 16 is then simply
. An important result of this study is that the response of atomically thin resonators is not so simple, since the interaction between adsorbates and the sheet also must be considered.
For instance, adsorbed mass can even shift the resonance upward in frequency when the tension is small, as is observed in our devices near V g = 0. Using devices with large built-in tension should minimize the effects of this interaction. Alternatively, it may be possible to use this effect to discriminate between different types of adsorbates by the tension they impart to the sheet.
Low temperature behavior
To explore further the performance of the graphene resonators, we studied their behavior as a function of temperature. Upon cooling, the resonant frequency shifts upwards, and its tunability with V g decreases (Fig. 6a ). This behavior is due to the geometry of our devices: when the temperature decreases, the suspended metal electrodes contract isotropically (see expected. At lower temperatures, the lack of measurable tunability prevents independent determination of both density and strain. However, the strain can be determined by using the density obtained at higher temperatures. At 125K, for instance, the strain is found to be which is larger than the observed increase. The difference is due to the negative thermal expansion coefficient of graphene, for which we derive a value α graphene = −7.4 × 10 −6 / K . This is larger in magnitude than predicted theoretically 28 , but is in excellent agreement with recently reported experimental results 29 . The observed upshift of the resonant frequency of the gold electrodes is consistent with a value of the gold thermal expansion coefficient within 5% of the bulk value, and a derived α graphene within 6% of that calculated above. These results clearly demonstrate the utility of resonant techniques to measure the thermal expansion of graphene and similar materials, and a more detailed study of this phenomenon is currently underway. In addition, we note that, with suitable choice of sample and electrode geometry, the thermally induced frequency shifts in graphene resonators can be engineered to be positive, negative, or zero.
In addition to the frequency shifts, we observe an increase in the quality factor with decreasing temperature. Figure 6b shows the temperature dependence of the dissipation Q -1 for three devices, as measured by fitting the resonance peaks to a Lorentzian function in the linear response regime. These devices have varying electrical properties and levels of residual PMMA, but all three show remarkably similar behavior. Upon cooling from room temperature, Q -1 drops quickly (roughly as T 3 ) and the quality factor reaches ~3000 at 100K. Below this temperature, the dissipation decreases more slowly, roughly as T 0.3-0.4 . The quality factor reaches ~10 4 at 5 K (inset of Fig. 6b ). In this regime, both the temperature dependence and magnitude are remarkably close to those recently reported for ultraclean carbon nanotubes 30 
Conclusions
Using the measured response to mass loading and the observed dynamic range, we estimate the mass sensitivity of the best sample (Q = 14,000 at low T) to be ~2 zg, with a detection bandwidth set by the lock-in amplifier integration time (300 ms). This is a somewhat larger mass than recently demonstrated using nanotubes 34, 35 , but could be reduced by improving the noise performance of the electrical detection system. Compared to nanotubes, graphene resonators have the advantage of more reproducible electrical properties and a larger surface area for capture of the incoming mass flux. Since the electrical properties of graphene are sensitive to adsorbed species 2 , it should also be possible to achieve multifunctional devices that combine charge and mass sensing down to the single molecule level.
Compared to other materials commonly used for NEMS, graphene possesses an important and as-yet unexploited advantage: it can withstand ultrahigh strains, up to ~25% in nanoindentation experiments 5 and ~3-5% for micron-sized samples subjected to uniaxial strain 36, 37 . In top-down fabricated NEMS, high resonant frequencies are achieved by reducing the device dimensions. This size reduction reduces both the output signal magnitude and the amplitude at the onset of nonlinearity, decreasing the dynamic range and making GHz-range transduction difficult. Micron-scale graphene devices, subjected to strains of order 1%, should achieve GHz operation while maintaining the robust signal levels observed in this study. An additional advantage is that the amplitude at the onset of nonlinearity increases with strain (Eq.
2), so that it should be possible to simultaneously increase the frequency and dynamic range (and therefore the mass sensitivity). It may be possible to achieve such large strains by integrating graphene with MEMS/NEMS structures.
Methods

Device fabrication
Graphene flakes (Toshiba Ceramics) are deposited on a SiO 2 /Si substrate by mechanical exfoliation, optically located by their contrast 38 and subsequently confirmed to be monolayers with Raman spectroscopy 39 . Metal electrodes (Cr/Au) are patterned on the graphene by electron beam lithography. An optional second step of lithography and oxygen plasma etching can be used to shape the graphene after patterning of electrodes. The devices are then suspended by etching the SiO 2 epilayer using buffered oxide etchant (BOE) followed by critical point drying to suspend the graphene between the electrodes 11 . We have found that BOE etches uniformly underneath the graphene layer, rather than isotropically from the edge as for most materials 40 .
This permits suspension of devices with a uniform gap below the graphene, even for sheets with dimensions over 1 micron. The resulting wide suspended graphene sheets are low-impedance devices, which is helpful in matching to high-frequency electronics. Lithographic control also allows narrow ribbon resonators 41 , as shown in Fig. 1b . The combination of optical thickness identification and lithographic patterning gives us full three-dimensional knowledge of the device geometry. Although the oxide layer below the graphene in the area covered by the electrode is removed in the etching process, the adhesion between graphene and metal still provides good mechanical clamping.
Electromechanical Mixing
The method implemented here is derived from previous studies of carbon nanotube 
where / sd G I V = ∂ ∂ is the conductance of the sheet, The open triangles show data for the device cleaned by ohmic heating described in figure 4 . The open squares show data for the pentacene deposition (red arrows) and the removal of pentacene (dashed line) by annealing process described in figure 5 . The dashed black line shows the mass density of pristine graphene. force microscopy (AFM) to verify suspension. Raman spectroscopy is then performed on the suspended region; the width of the 2D mode identifies the number of layers (Fig. S1 ). This mode shows no difference before and after graphene suspension.
B. Electrical measurement system
Samples are wire bonded and mounted onto a chip carrier. Coaxial cables with a characteristic impedance of 50 Ω are soldered directly to the chip carrier. Each input (drain and gate) is terminated with a matching load consisting of a 50Ω resistor in series with a 100 nF capacitor to ground (Fig. S2a) . This load allows for simultaneous DC and RF biasing (realized by means of a wideband bias tee, ZFBT-4R2GW+ from Minicircuits) while minimizing RF reflections. Each output (source) is terminated with a 100 nF capacitor to ground, which not only is used as a low-pass filter with corner frequency below 30 kHz, but also serves the purpose of anchoring the RF ground to eliminate ringing in the output; in the absence of the capacitor, the mixing current undergoes large fluctuations as a function of frequency, as the output cable becomes a quarter-wave transformer with variable impedance. The capacitance between the contact pads ( 120μm × 120μm , with 300 nm SiO 2 dielectric) and the underlying silicon gives a cutoff frequency of ~1 GHz. The frequency mixer used to generate the sidebands can be applied either to the drain or gate side with equal results. No sideband rejection is employed, effectively doubling the amount of current generated by one sideband at the output. Power control is obtained by a combination of fixed attenuators and a digital step attenuator (model ZX-76 from Minicircuits).
Due to the phase difference between the mechanical oscillation and the electrical signal, we usually see asymmetric mixed-down current lineshapes instead of the expected Lorentzian peak 1 . We correct the phase of the electrical signal by simply changing the length of the coaxial transmission line (BNC cable) to either drain or gate, until a Lorentzian resonance lineshape is observed (Fig. S2b ). In the 10-100 MHz regime, this correction technique is possible because a quarter wavelength is of the order of a few feet (at larger frequencies, commercial delay lines may be used).
C. Background mixing current and Charge Neutrality Point (CNP)
The mixing current has two contributions: a background current BG I which exists even in non-suspended samples and a resonant term peak I which is proportional to the vibration amplitude. The background mixed-down current is given by:
where G is the conductance, 
D. Vibration amplitude estimation and nonlinear drive
In the harmonic regime, the vibration amplitude has a Lorentzian lineshape. Assuming phase correction has been applied, the mixed-down current will follow the vibration, and the maximum amplitude of vibration will be given by: If the sheet is driven beyond the harmonic regime, the vibration amplitude initially tops off and the current peak broadens. It then becomes hard to fit the peak with a simple Lorentzian lineshape and estimate the vibration amplitudes with precision, but it is clear that the quality factor worsens and that the oscillation stops increasing. Experimentally, we accomplish nonlinear studies by applying low power to the mixer input while applying large power to the other input. Given that commercial mixers may allow as much of ~ 20 dB at the main frequency, care must be taken when trying to measure the response to a large signal: if the amount of direct power appearing at the mixer exceeds that applied by the other input at the main frequency, then the mixer will drive both the oscillation and the electrical response. Because of the potential difference between drain and gate, large sd V δ may also effectively drive the suspended graphene into resonance when g V δ is small. With large sd V δ , we observe nonlinear lineshapes and hysteresis of the frequency sweep (Fig. S3 ).
E. Assignment of gold and graphene resonances
The 2D structure of graphene determines that its mechanical resonant frequency is highly sensitive to tension, which results in high tunability with external tension, as described by Eq. (1) in main text. In contrast, the resonant frequency of the suspended gold beam is not expected to be changed by relatively small external tension due to the large bending rigidity, and is given by There is good agreement with Eq. (S3). We attribute the deviations from the theoretical prediction to the random built-in tension generated during the fabrication process. Figure S4b shows the measured resonant frequency of a series of 6 devices of different length fabricated from the same graphene flake, measured at high g V to minimize the effect of uncontrolled builtin tension. The frequency varies roughly as 1/L graphene , in agreement with Eq. (1). This scaling also shows that resonances in the GHz regime should be achievable for device lengths in the ~100 nm range.
F. Continuum mechanics model
Because the bending stiffness of the monolayer graphene is negligible 3 , the graphene resonator can be treated as a doubly clamped membrane. Furthermore, we simplify our analysis to a 1D string with length L (Fig. S5) . The bonding between graphene and electrode provides good adhesion 4 , and both AFM and SEM images after measurement confirm that the graphene sheets do not collapse. The electrostatic force between the sheet and the back gate is given by (Fig. S5) 
G. Thermal expansion coefficient of graphene resonator
When the operating temperature is lowered, we observe consistent increase of all resonant frequencies, as well as decrease of tunability over the same g V range (Fig. 6a) . The upshift of resonant frequency at small g V implies an increase of built-in tension across the suspended graphene sheet, in turn minimizing the effect from external tension induced by g V .
Degradation of the tunability is therefore expected. This increase of tension comes from the isotropic contraction of suspended metal contacts (Fig. S6a) , and is reversible upon thermal cycling. Although the contraction of the metal beam is not uniform due to the clamping to the oxide, we can consider it as equivalent to uniform shrinkage along the graphene resonator direction within this small deformation range. Since the suspended graphene is only anchored to 
